[1] Recent ionospheric observations indicate that the total electron content (TEC) may anomalously decrease or increase up to 5-20% before the occurrence of big earthquakes. The ionospheric density variations can be caused by earth surface charges/currents produced from electric currents associated with the stressed rock. We formulate a coupling model for the stressed rock-Earth surface charges-atmosphere-ionosphere system. The stressed-rock acts as the dynamo to provide the currents for the coupling system. The electric fields and currents in the atmosphere and the lower boundary of ionosphere are obtained by solving the current continuity equation, r • J = 0, where J is the current density. A three-dimensional ionosphere simulation code is then used to study the ionospheric dynamics based on the obtained electric fields and currents. The simulation results show that a current density J rock = 0.2-10 mA/m 2 in an earthquake fault zone is required to cause daytime TEC variations of 2-25%. The simulation results also show that a current density J rock = 0.01-1 mA/m 2 can lead to nighttime TEC variations of 1-30% as well as the formation of a nighttime plasma bubble (equatorial spread F) extending over the whole magnetic flux tube containing the earthquake epicenter. We suggest that observations of daytime and nighttime TEC variations and a nighttime plasma bubble within the affected region can be used as precursors for earthquake prediction. 
Introduction
[2] Earthquake precursors can be used for earthquake prediction [Scholz et al., 1973; Geller, 1997; Toutain and Baubron, 1999; Kanamori, 2003; Bolt, 2004] to reduce the loss of resources and human lives. As early as the 1960 Chile earthquake (largest earthquake recorded), the critical frequency of the F2 layer (f o F2) on 20 May before main shock were slightly below its median value for a few hours in a period of quiet geomagnetic activities [Foppiano et al., 2008] . For the 1964 Alaska earthquake, scientists also found magnetic disturbances and ionospheric irregularities in the magnetometer and ionosonde data before the main shock of the 1964 Alaska earthquake [Moore, 1964; Davies and Baker, 1965] . Additional pre-earthquake ionospheric signatures have been reported that include ground and satellitemeasured electromagnetic perturbations [Park et al., 1993; Parrot et al., 1993; Bhattacharya et al., 2009] , ionosonderecorded variations of f o F2 [Liu et al., 2000; Silina et al., 2001] , and GPS-measured TEC Zhao et al., 2008; Liu et al., 2009] . These findings suggest that an electrical seismic-ionosphere coupling exists Pulinets and Boyarchuk, 2004] .
[3] Ionosphere density variations caused by pre-earthquake surface charges and electric field have been reported based on a simplified model [Pulinets et al., , 2003 Pulinets and Boyarchuk, 2004] . The simulation domain is limited to a local hemisphere region with an altitude between 200 and 700 km is considered in the model. The temperatures of neutrals, ions and electrons are fixed to 800 K. Therefore, the variation of daytime electron temperature and nighttime plasma bubble development cannot be obtained using this simplified model.
[4] In this report we use the comprehensive Naval Research Laboratory (NRL) ionosphere model SAMI3 [Huba et al., 2008] to study the impact of an earthquake generated electric field on the ionosphere. SAMI3 simulates the temporal and spatial evolution of seven ion species (H , and O + as well as the electron temperature equation. The latitude range of the simulation domain is ±30°, the longitude range is 8°, and the range of magnetic apex heights is 85 to 2400 km. The grid is (nz, nf, nl) = (101, 156, 70) , where nz is the number grid points along the magnetic field, nf the number in altitude and nl the number in longitude. Thus, we are able to overcome the limitations of a simplified model and determine the complete ionospheric response to a pre-earthquake electric field. It is found that the presence of surface charges and electric field can lead to TEC variations and trigger the formation of plasma bubble.
[5] In section 2, we describe the stress-activated electric currents in rocks [Freund, 2000 [Freund, , 2002 Freund and Sornette, 2007; Freund et al., 2009; Freund, 2010] and derive the surface charge density and electric field at the ground-toatmosphere interface. In section 3, we use the current continuity equation to calculate the current density and electric fields in the atmosphere, and we use the 3D SAMI3 model to examine the ionosphere dynamics. In sections 4 and 5, we show the daytime and nighttime results of the ionospheric dynamics, respectively.
Hole Charge Carriers From Stressed Rock and Accumulated Charges Over Earth Surface
[6] Laboratory experiments [Freund, 2000 [Freund, , 2002 Freund and Sornette, 2007; Freund et al., 2009; Freund, 2010] demonstrated that, as rocks are subjected to stress, rocks can activate positive holes (h • ) as charge carriers and generate electric currents along the stress-gradient direction with current density J rock , as illustrated in Figure 1 . The h • outflow from the stressed rock has two consequences: (1) it sets up a potential difference, which causes the unstressed rock to become positively charged relative to the stressed rock; (2) the mobile h
• charge carriers inside the unstressed rock repel each other electrostatically and will be pushed toward the surface.
[7] The accumulation of positive hole charge carriers h • at the surface produces a positive surface charges as shown in Figure 1 . The microscopic high electric field at sharp edge of rock surface may cause air molecules to be ionized. One of those processes is the field ionization of air molecules, (O 2 → O 2 + + e − ), producing O 2 + ions and electrons. The delivery of these electrons to the rock surface may cause more h
• influx from the bulk rock. The effect of the field ionization of air molecules can be seen as to move some of the positive surface charges to the air with O 2 + ions across the air-rock interface [Freund, 2010] .
[8] Let S surf be the surface charge density, which consists of the contribution of positive charges from the rock surface and O 2 + ions in the air. The associated electric field E air can be written as
where _ z is the unit vector in the vertical direction, and " 0 is the electric permittivity of free space. Due to the finite air conductivity, s air , the electric field will drive an upward current density,
Let A be the surface area of the stressed rock, and Q = AS surf be the total surface charges above the rock. From equations (1) and (2), the total surface charges of stressed rock can be expressed as
The time variation of Q can be written as
The background air conductivity s 0 is caused by the finite mobility (m + and m − ) of positive ions (n +0 ) and negative ions (n −0 ), which can be produced by various processes, including air ionizations by cosmic rays, radioactivity gases and radioactivity substances in the soil [e.g., Rycroft et al., 2008] . Hence, s 0 = q + m + n +0 + q − m − n −0 where n +0 = n −0 = 2.7 × 10 8 m −3 , positive ion mobility m + = 2.5 × 10 −4 V m 2 s −1 , negative ion mobility m − = 2.2 × 10 −4 V m 2 s −1 [e.g., Riousset et al., 2010] and hence s 0 ∼ 2 × 10 −14 Sm −1 . If we ignore the conductivity caused by the stress-induced surface positive charge carriers, the analytic solution for the total surface charges Q in equation (4) can be obtained from
Figure 1. As rocks are subjected to stress force in the earthquake preparation region, the deformation of lattice structure in rocks can produce electronic charge carriers (positive holes, h
• ) and electric currents (J rock ). The positive holes diffuse from the highly stressed region into the unstressed region, repel each other electrostatically, and push toward the rock surface. The field-ionization (O 2 → O 2 + + e − ) occurring at the surface, in particular at sharp points, can produce the O 2 + ions. The surface charge density S surf and total charge amount Q are accumulated by positive charges from the rock surface and O 2 + ions in the air. The upward electric field E air associated with the positive surface charges will drive the upward current J air .
where t 0 = " 0 /s 0 and
Figure 2a shows Q as a function of time. Let the asymptotic value of total charge be Q ∞ . When Q reaches its asymptotic value Q ∞ = Q 0 , the output total current AJ air into atmosphere equals to input total current I rock = AJ rock from rock, since dQ/dt = 0. In equation (5) and Figure 2a , t 0 is the characteristic time for the build-up of surface charges to reach 63.2% of Q 0 . Freund et al. [2009] have demonstrated in stressed rock experiments that a positive ion current of 10-25 nA is present over an area of collector plate 200 cm 2 , corresponding to a current density J rock ∼ 0.5-1.25 mA/m 2 . Of course, the stressed-induced current density J rock in the earthquake fault region may depend on the stress magnitude, stress gradient and other factors. With an earthquake plate area A = 200 × 30 km 2 , J rock = 0.5 mA/m 2 and s 0 = 2 × 10 −14 Sm −1 , we obtain Q 0 = 1.3 × 10 6 C and E air = 2.4 × 10 7 Vm −1 , greater than the threshold of required E field for air ionization (∼3 × 10 6 Vm −1 near ground). In order to ionize the air, the E field does not have to extend over large distances. It is enough if an E field of such a magnitude exists on a microscopic scale, at the ground-to-air interface. The presence of these charges and electric field will modify the air conductivity and cause the air ionizations.
[9] We assume for illustration purpose that most of the stress-induced surface charges react with neutral gas molecules to produce molecular ions with a density n +1 , and these ions are contained in an air column with area A and height h. We then have n +1 ≈ Q/(eAh), where e is the magnitude of an electron charge. The extra positive ions will provide an additional conductivity s 1 = en +1 m + . Therefore,
Inserting s air into equation (4), we have
As dQ/dt = 0, we have Q = Q ∞ , and
The above quadratic equation can be easily solved analytically. If s 0 ( s 1 , we have
In Figure 2b , we plot the solution of equation (8), Q(t), for A = 200 × 30 km 2 , I rock = 3 × 10 3 A, J rock = 0.5 mA/m 2 and h = 1000 m, 100 m and 10 m. The asymptotic total charge Q ∞ is equal to Q 1 = 2.5 × 10 4 C for h = 1000 m, Q 2 = 8 × 10 3 C for h = 100 m, and Q 3 = 2.5 × 10 3 C for h = 10 m. In Figure 2c , we plot Q ∞ for Q 0 , Q 1 , Q 2 and Q 3 as a function of J rock for A = 200 × 30 km 2 . Note that Q 1 , Q 2 and Q 3 are much smaller than Q 0 .
[10] In short, the stressed rock acts as the dynamo (battery) to drive currents for the rock-surface charge-atmosphereionosphere coupling system to be furthered studied in the next sections. The pre-earthquake radon emanation may provide air ionizations, leading to the presence of both positive and negative ions in the air and enhance the air conductivity. However, it is unlikely that radon emanation can act as a dynamo to continuously maintain the required currents to drive the coupling system.
Electrical Coupling Between Ionosphere and Surface Charges in the Earthquake Fault Zone
[11] For simplicity, we assume that the earthquake fault zone has a length a = 200 km and a width b = 30 km. The surface charge density distribution over the fault zone can be expressed as
where x and y are north-south and east-west directions; x 0 and y 0 are the geometric center of the fault zone; total surface charges Q 0 is calculated by RR ∑ 0 (x, y)dxdy = Figure 2 . (a) The total surface charge Q as a function of charging time t, Q = Q 0 (1 − e −t/t 0 ), where Q 0 = AJ rock t 0 is the asymptotic value of Q as t → ∞ and t 0 = " 0 /s 0 (∼440 s) near ground. (b) The numerical solution of surface charge Q(t), for A = 200 × 30 km 2 , I rock = 3 × 10 3 A, J rock = 0.5 mA/m 2 and h = 1000 m, 100 m and 10 m. The corresponding asymptotic total charge Q ∞ is Q 1 = 2.5 × 10 4 C for h = 1000 m, Q 2 = 8 × 10 3 C for h = 100 m, and Q 3 = 2.5 × 10 3 C for h = 10 m. (c) The asymptotic total charge Q ∞ for Q 0 , Q 1 , Q 2 , Q 3 as a function of current density J rock .
∑ 0 ab = ∑ 0 A, where A = ab is the effective stressed area of the earthquake fault zone. The ground upward electric field is given by E air = ∑ surf /" 0 . Note that if positive hole charge carriers are generated along a fault, they have the capability to spread out laterally, affecting a much wider region than just along the fault line.
[12] The external electric field over an earthquake fault region was solved using the current continuity equation [Tzur and Roble, 1985] . The numerical domain is a three dimensional Cartesian coordinate system (x, y, z) where x and y are east/west and north/south directions in the horizontal plane of Earth (−400 ≤ x ≤ 400 km, −600 ≤ y ≤ 600 km) and z is the altitude, 0 < z < 100 km. We assume the magnetic field is parallel to z-direction, and horizontally stratified medium (i.e., conductivity is only a function of altitude z). The current continuity equation can be written in terms of the electric potential (F) equation as
where s k is the conductivity along the magnetic field, and s p is the conductivity perpendicular to the magnetic field; E x , E y and E z are the electric fields in x-, y-and z-direction. Equation (12) is solved using the successive over-relaxation method adapted from MUDPACK package (http://www.cisl. ucar.edu/css/software/mudpack/) with the upper ionospheric boundary condition, Tzur and Roble, 1985] . The current along the magnetic field is continuous and flows into the ionosphere. The use of upper boundary condition E k = 0, which implies J k = 0, leads to a much higher perpendicular electric field at z = 85 km. The assumption J k = 0 means that no current flows into the ionosphere, and upward current flows outwardly in the horizontal plane below the boundary at z = 85 km. The accumulated current will enhance the magnitude of electric field because J = sE.
[13] The conductivity profile below 100 km is obtained from an empirical mode [Cole and Pierce, 1965] . For the altitude range of lower atmosphere, 0 ≤ z ≤ z 1 where z 1 = 50 km (daytime) and 65 km (nighttime), the conductivities are isotropic and given by s k = s p = s z=0 e z/h where the conductivity at z = 0 is s z=0 = 2 × 10 −13 Sm −1 . The scale height of isotropic conductivity h is 6.5 km. For the upper atmosphere, z 1 ≤ z ≤ z 2 where z 2 is 100 km, the conductivities become anisotropic and are given by s k = s z=z 1 e (z−z 1 )/h k and s p = s z=z 1 e (z−z 1 )/h p where s z=z 1 = s z=0 e z 1 /h . The scale heights for parallel conductivity (h k ) and Pedersen conductivity (h p ) are 3 km and 4.5 km, respectively.
[14] The conductivity profile used in our model is similar to the conductivity profile by Rycroft et al. [2008] , except the value near the Earth surface. The conductivity near the ground is 2 × 10 −13 S/m, which is higher than the conductivity 2 × 10 −14 S/m in work by Rycroft et al. [2008] , to partially include the contribution from molecule ionization caused by rock currents (the s 1 term). The conductivity at 85 km is 5 × 10 −5 S/m for daytime and 3.5 × 10 −6 S/m for nighttime, which are close to the values of Rycroft et al. [2008] . Our calculation shows that an electric field (E z=85 ) of ∼ 1 mV/m at 85 km can be produced by current density J rock = 1.4 mA/m 2 for daytime conductivity, or by a current density of only J rock = 0.1 mA/m 2 for nighttime conductivity. The SAMI3 model is employed to simulate the ionosphere dynamics in the region above the lower boundary at 85 km. The electric field E z=85 is an input to the model and acts as a driving source in the electric potential equation.
[15] A schematic sketch of the electrical coupling between the ionosphere and the surface charges in the earthquake fault zone is shown in Figure 3 . The surface charge distribution function in the earthquake fault zone is an input to our numerical simulations. Solved by current continuity equation [Tzur and Roble, 1985] , r • J = r • (sE) = 0, the electric field is shown between two conducting planesthe ground (z = 0) and the bottom of the ionosphere (z = 85 km) . Here J is current and E is electric field, and s is the conductivity tensor. The upward current (orange lines) is driven by the vertical upward electric field (red lines). The current flows toward the ionosphere partially in the horizontal direction and produces an outward electric field (E z=85 ) at an altitude of 85 km. It is further found that the electric fields and current density at z = 85 km, and resulting ionosphere dynamics are mainly determined by the telluric current density J rock , independent of Earth's surface conductivity. Figure 3 . A sketch of electric coupling between the ionosphere and surface charges in the earthquake fault zone. The vertical surface electric field (red arrows) from surface current density J rock over a fault zone drives the current (orange arrows) in the atmosphere and the electric field E z=85 at the bottom of the ionosphere at an altitude of 85 km. The electric field causes the E × B motion (green arrows) of ionosphere plasma leading to the formation of plasma vortex and TEC variations in the ionosphere. The external electric field also leads to an upward motion in the equatorial plane east of surface charge region and can trigger the formation of nighttime plasma bubbles.
[16] The NRL three-dimensional ionosphere simulation code SAMI3, including ion dynamics and electric potential, is used to investigate the TEC variations caused by the electric field from the surface charges of earthquake fault zone. We express the vector form of current continuity equation (r • J = 0) in the ionosphere, in terms of dipolar coordinates (s, p, 8). The dipolar coordinates (s, p, 8) can be transferred from spherical polar coordinates (r, , 8) for Earth geographic system,
where R E is Earth radius, = 0 to p is for latitude −90 to 90 degree, and 8 is longitude degree. We integrate equations (13)- (15) along the magnetic field from the base of southern hemisphere to the northern hemisphere. The integrated electric potential equation, derived from current conservation (r • J = 0) in dipolar coordinates (s, p, ), is used in this study [Huba et al., 2008 [Huba et al., , 2009c Krall et al., 2009a Krall et al., , 2009b ,
where (16) is solved in the SAMI3 and the resulting electric field is used to self-consistently transport the plasma. 2 : contour plots of (a) electron density, (b) electron temperature, and (c) temperature variations in two meridian planes with longitude −0.3°and 0.3°. The electric fields are switched on in the time period between LT 12 and 13. (top) At LT 11:18 (first row), contour plots of electron density and electron temperature before switch-on of electric field. At later times, the E × B drift motion reduces (enhances) the electron density, and increases (decreases) electron temperature in the −0.3°(0.3°) meridian plane.
[17] In equation (16), the equal potential is assumed along the geomagnetic field line because the conductivity parallel to field line is much greater than conductivity perpendicular to field line. Hence, we solve the electric potential in two dimensional coordinates (p, 8) . The external eclectic field can be transmitted along the field line.
Daytime Results
[18] Figure 4 shows the simulation results for a daytime case (J rock = 3.0 mA/m 2 ) with external electric field (E z=85 = 2.1 mV/m), switched on at local time (LT) 12:00 to 13:00. To maintain the surface charges and electric field near ground, the currents from the stressed rock must be continuously supplied in the time period. Otherwise, the charges and associated electric fields will decay with a characteristic time 44 s for the conductivity s air = 2 × 10 −13 Sm −1 or 440 s for the conductivity s air = 2 × 10 −14 Sm −1 . The surface charges are distributed in a fault zone 200 km in the northsouth direction and 30 km in the east-west direction, its orientation is north-south and centered at latitude 20°and longitude 0°, indicated by white dot in Figures 6b and 6c .
[19] The electron density and temperature at LT 11:18 (before the charge switch-on) are shown in Figure 4 (top). The density is horizontally stratified. Contour plots of the electron density and temperature variation in the meridional planes −0.3°(westward) and 0.3°(eastward) are shown in Figures 4a and 4c , respectively. The decrease (increase) of density on the top side of the ionosphere at −0.3°(+0.3°) and time LT 12:19 in Figure 4a is associated with the E × B motion (see Figure 3 ) of the plasma, bringing the lower Figure 5 . The modeling ionosphere electron density at time LT 12:49 in three meridian planes: (a) S1 with magnetic longitude −0.3°, (b) S2 with magnetic longitude 0.0°, and (c) S3 with magnetic longitude +0.3°. Also shown are (d) the electron density and plasma flow velocity in the L1 plane and (e) those in the L2 plane.
(higher) density plasma downward (upward). Figure 4c shows the corresponding electron temperature variation (DT e ) which is anti-correlated with electron density variation. The electron temperature variations can be up to 100-250 K in the daytime ionosphere. This is also associated with the E × B motion of the plasma, which bring the hotter (cooler) electrons downward (upward). Although the perturbation (charge) is located at latitude 20°, the perturbed electric field can map to the conjugate region (−20°). The entire flux tube is affected by the charge at latitude 20°b ecause of the assumption of equipotential field lines.
[20] Figure 5 shows a more detailed view of the E × B motion of plasma. The modeling ionosphere electron density at time LT 12:49 in three meridian planes is shown in Figure 5a for S1 with magnetic longitude −0.3 degree, Figure 5b for S2 with magnetic longitude 0.0 degree and Figure 5c for S3 with magnetic longitude +0.3 degree. The dashed line denotes the magnetic field line passing through the center of earthquake fault region (mLat 20°, mLon 0°) in the northern hemisphere. The solid lines perpendicular to dashed lines show the projecting lines for perpendicular planes, indicated by "L1" and "L2." In Figures 5d and 5e , the "L1" and "L2" planes perpendicular to the magnetic field lines show the electron density in linear color scale and E × B drift velocity in vectors.
[21] The plane "L1" above the ionospheric hmF 2 has higher (lower) electron density in the left (right) side of Figure 5d since the plane is tilted above hmF 2 . The electric field radiates outward from the mapping earthquake epicenter where the epicenter is projected by a symbol of black cross in Figure 5d . The magnetic field is directed into the paper. Therefore, the E × B motion drives the plasma to rotate counterclockwise. In Figure 5d , the E × B drift of plasma cause the electron density enhancement on the east side (longitude degree > 0) of the mapping earthquake epicenter and electron density reduction on the west side (longitude degree < 0) of the epicenter. For the plane L2 tilted below the hmF 2 , Figure 5e shows an electron density enhancement (reduction) on the west (east) side of the epicenter.
[22] Figure 6a shows the maximum TEC percentage change (DTEC) as a function of current densities J rock from 0.2 to 10 mA/m 2 for daytime (blue lines). The corresponding maximum electric field at z = 85 km is 0.14-7.1 mV/m. The maximum DTEC is 2% to 25%. because the external electric field E z=85 is on the same order for the same total surface charges of the earthquake fault zone with different orientation. Due to the inclination of geomagnetic field lines, the latitudinal range of the affected region depends on the location of the epicenter [Pulinets and Boyarchuk, 2004] . It is found that the affected region extends 1500 km, 1000 km, 600 km and 500 km from the epicenter in the equatorial direction for epicenter located at latitude 15°, 20°, 40°and 60°, respectively. Since the plasma density and peak altitude of the F2 region change with solar cycle, the affected region will also change with solar cycle.
Nighttime Results
[23] Figure 7 shows the results for the case in which a nighttime current density J rock = 0.2 mA/m 2 in the earthquake fault zone is switched on from LT 20:00 to 21:00. The driven electric field at the bottom of ionosphere maps along the magnetic field to the equatorial plane, as illustrated in Figure 3 . Figure 7a shows the contour plots of electron density at LT 20:36 and 21:01, and Figure 7b shows the corresponding DTEC contour plots. The maximum DTEC are about 15% at LT 20:36 and LT 21:01. Figure 7a also shows that, at LT 21:46, a plasma bubble is initiated at longitude 0.7 degree on the east side of meridional plane of surface charge center, where the E × B motion is upward as shown in Figure 3 and plasma depletion occurs below the F peak. The bubble reaches an altitude 900 km at LT 22:16, 1100 km at LT 22:41, 1600 km at LT 23:31 and 2000 km at LT 01:11. The corresponding TEC contour plots in Figure 7c illustrate that the plasma is first depleted in equator region, and the depleted region expands poleward. The width of plasma-depleted region is about 1 degree in longitude, its latitude range can extend to ±30 degree, and the height of plasma bubble can grow to 2000 km at LT 01:11. For a greater current density J rock = 1.0 mA/m 2 , the plasma bubble will be initiated at an earlier time (LT 21:41) due to a stronger upward E × B motion. We expect that the effect of a ground, pre-earthquake charge distribution on the ionosphere will be a function of latitude, longitude, and geophysical conditions (e.g., F10.7) because of the orientation of the geomagnetic field and ionospheric conditions.
[24] In our numerical experiments, there is no threshold for the rock current density to cause TEC variations. However, as shown in Figure 6a , a rock current density of J rock = 0.5 mA/m 2 is required to cause 5% of TEC variations or DTEC = 5% for the daytime ionosphere. For the nighttime ionosphere, only a smaller current density of J rock = 0.04 mA/m 2 is required to have DTEC = 5%. On the other hand, a minimum threshold of current density J rock = 0.01 mA/m 2 is needed to trigger the formation of nighttime plasma bubble. [25] The crustal deformation is generally a continuing process. As rock is continuously subjected to stress in the earthquake preparation period, the rock current density J rock is generated, leading to TEC variations. However, the resulting TEC variations must be large enough to be detectable. Before the main shock, the stress may be increased to produce detectable TEC variations. After the main shock, part of stress is released and ionosphere effect becomes weak. The TEC variations are not necessary to occur within only one month before main shock. The magnitude of J rock over the stressed rock is the key factor to affect the ionosphere.
Summary
[26] In summary, we have formulated a coupling model for the stressed rocks-Earth surface charges-atmosphere-ionosphere system. We have also proposed a model for the buildup of surface charges over the stressed rock and in the nearby air based on the experimental results by Freund et al. [2009] and Freund [2010] . We then calculated the electric fields and currents in the atmosphere and simulated the ionospheric response. The main results can be summarized as follows.
[27] 1. As rocks are subjected to stress, rocks can activate hole (h • ) charge carriers and generate electric currents along stress-gradient, causing the accumulation of positive charges at the earth surface. The surface charges consist of positive charges at the rock surface and charged O 2 + ions from fieldionization in the air. The injection of positively charged air ions at the rock-to-air interface will produce a vertical electric field E air , which in turn drives an upward current, J air , removing part of the surface charges. When the inflow rock current J rock is balanced by the outflow current J air , the total surface charge Q reaches an asymptotic value Q ∞ .
[28] 2. The air conductivity s air above the pre-earthquake zone is highly enhanced due to the injection of airborne positive ions associated with the telluric current J rock .
[29] 3. Our study shows that the magnitude of current density J rock is the most important parameter to determine the TEC variations and nighttime bubble formation in the ionosphere.
[30] 4. The simulation results show that the current density J rock = 0.2-10 mA/m 2 in the earthquake fault zone can cause TEC variations of up to 2-25% in daytime ionosphere.
[31] 5. The simulation results also show that a current density J rock = 0.01-1 mA/m 2 can lead to nighttime TEC variations of 1-30% as well as the formation of a nighttime plasma bubble (equatorial spread F) extending over the whole magnetic flux tube containing the earthquake epicenter.
[32] 6. We suggest that observations of daytime and nighttime TEC variations and nighttime plasma bubbles within the affected region can be used as precursors for earthquake prediction.
